Background: Many studies evaluated the best predictors for cardiovascular disease (CVD) events in individuals with type 2 diabetes (T2D), but few studies examined the factors most strongly associated with mortality in T2D. The Diabetes Heart Study (DHS), an intensively phenotyped family-based cohort enriched for T2D, provided an opportunity to address this question. Methods: Associations with mortality were examined in 1022 European Americans affected by T2D from 476 DHS families. All-cause mortality was 31.2 % over an average 9.6 years of follow-up. Cox proportional hazards models with sandwichbased variance estimation were used to evaluate associations between all-cause and CVD mortality and 24 demographic and clinical factors, including coronary artery calcified plaque (CAC), carotid artery intima-media thickness, medications, body mass index, waist hip ratio, lipids, blood pressure, kidney function, QT interval, educational attainment, and glycemic control. Nominally significant factors (p < 0.25) from univariate analyses were included in model selection (backward elimination, forward selection, and stepwise selection). Age and sex were included in all models. Results: The all-cause mortality model selected from the full DHS sample included age, sex, CAC, urine albumin: creatinine ratio (UACR), insulin use, current smoking, and educational attainment. The CVD mortality model selected from the full sample included age, sex, CAC, UACR, triglycerides, and history of CVD events. Beyond age, the most significant associations for both mortality models were CAC (2.03 × 10 −4 ≤ p ≤ 0.001) and UACR (1.99 × 10 −8 ≤ p ≤ 2.23 × 10 −8 ). To confirm the validity of the main predictors identified with model selection using the full sample, a two-fold cross-validation approach was used, and similar results were observed. Conclusions: This analysis highlights important demographic and clinical factors, notably CAC and albuminuria, which predict mortality in the general population of patients with T2D.
Background
The Diabetes Heart Study (DHS) is an ongoing familybased cohort study investigating the epidemiology and genetics of cardiovascular disease (CVD) in a population-based sample. Prior analyses in this type 2 diabetes (T2D)-enriched cohort [1] have individually examined contributors to allcause and CVD mortality. Coronary artery calcified atherosclerotic plaque (CAC), a measure of subclinical CVD [2, 3] , C-reactive protein (CRP) [4] , biventricular volume [5] , heart rate-corrected electrocardiographic QT interval [6] , serum albumin and creatine, estimated glomerular filtration rate (eGFR), and urine albumin:creatinine ratio (UACR) [7] were all found to predict mortality in the DHS.
Prior studies have examined risk prediction scores for CVD events in patients with T2D [8, 9] , which is an important contributor to mortality [10] . However, fewer studies have attempted to evaluate the best predictors of all-cause and CVD mortality in T2D [11] [12] [13] [14] . We performed a comprehensive analysis of which factors were the strongest independent predictors of all-cause and CVD mortality using model selection (backward elimination, forward selection, and stepwise selection) in European Americans (EAs) with T2D from the DHS.
Methods

Study design and sample
The DHS recruited T2D-affected siblings without advanced renal insufficiency from 1998 through 2005 in western North Carolina. T2D was defined as diabetes developing after the age of 35 years initially treated with changes in diet and exercise and/or oral agents, in the absence of historical evidence of ketoacidosis or initial treatment with insulin. Fasting glucose and glycated hemoglobin (HbA 1c ) concentrations were assessed at the exam visit. Ascertainment and recruitment criteria have been described [1] . DHS participants were recruited from the general population and broadly reflect the demography of T2D in our community. Importantly, prior evidence of CVD was not an exclusion to participate. All study protocols were approved by the Institutional Review Board at Wake Forest School of Medicine, and all participants provided written informed consent.
Participant examinations were conducted in the General Clinical Research Center of Wake Forest Baptist Medical Center. Examinations included interviews for medical history and health behaviors, anthropometric measures, resting blood pressure, electrocardiography, fasting blood sampling for laboratory analyses, and spot urine collection. Low-density lipoprotein (LDL) cholesterol was calculated using the Friedewald equation, and LDL measures were considered valid for subjects whose triglycerides were less than 400 mg/dL. Estimated glomerular filtration rate (eGFR) was computed using the CKD-EPI equation [15] . CAC was assessed using computed tomography (CT), summing the left main, left anterior descending, circumflex, posterior descending, and right coronary arteries. CT scans were performed on multi-detector CT scanners with cardiac gating in chest scans. CAC scores were measured as previously described and validated [16, 17] . Data on prior CVD events was self-reported by participants and non-adjudicated. Individuals were considered to have a history of prior CVD if they self-reported prior MI, angina, stroke, or vascular procedures including coronary angioplasty, coronary artery bypass graft, or endarterectomy, or if they had Q wave abnormalities indicative of prior MI.
Mortality was assessed using the National Social Security Death Index. For deceased participants, length of follow-up was determined from the date of initial study visit to date of death. For all other participants the length of follow-up was determined from the date of the initial study visit to December 31, 2013. When possible, copies of death certificates were obtained from county or state Vital Records Offices to determine cause of death. Both all-cause and CVD mortality were analyzed; cause of death was categorized based on death certificates as CVD mortality (myocardial infarction, congestive heart failure, cardiac arrhythmia, sudden cardiac death, peripheral vascular disease, and stroke) or as mortality from other causes. For 18 patients, cause of death information could not be obtained, so these participants were excluded from analyses of CVD mortality.
Statistical methods
Cox proportional hazards models with sandwich-based variance estimation (due to the family structure of the DHS) in SAS 9.3 were used to evaluate associations with mortality. For model building, 24 potential predictors of mortality for which data was available for most individuals in the cohort, including CAC, carotid artery intima media thickness (IMT), medications, body mass index (BMI), waist hip ratio (WHR), lipids, blood pressure, kidney function measures, electrocardiographic QT interval, educational attainment, and glycemic control measures, were evaluated in separate models for their association with all-cause mortality and CVD mortality. Variables were transformed prior to analysis; the square root of BMI and high-density lipoprotein (HDL) cholesterol, the square of WHR, and the natural log of glucose, HbA 1c , CAC, total cholesterol, triglycerides, UACR, QT interval, diabetes duration, IMT, and mean arterial pressure were used. Nominally significant factors (p < 0.25) from univariate analyses were included in model selection performed in SAS 9.3. We confirmed that no factors included in model selection were strongly correlated (r > 0.8). Age and sex were included in all models. For backward elimination selection, factors with a p-value < 0.05 for association with mortality were retained in the model. For stepwise selection, factors meeting a threshold of a p-value < 0.25 could enter into the model but required a p-value < 0.05 to be retained. For forward selection, factors meeting a threshold of a p-value < 0.05 could enter into the model. In our analysis, results from the multiple Cox regression models were concordant for forward, backward, and stepwise model selections. Calculations for area under the receiver operating characteristic curve (AUC) were performed in STATA version 12.1.
Results
All self-described EAs from the DHS with T2D (1022 individuals from 476 families) were included in the analyses. Table 1 displays their demographic and clinical characteristics, presented for the full sample and stratified by mortality status. For the full cohort, mean ± standard deviation (SD) diabetes duration was 10.4 ± 7.2 years. Prevalence of hypertension, obesity, subclinical CVD based on CAC, and prior CVD events were high. Over a mean ± SD follow-up of 9.6 ± 3.2 years, all-cause mortality was 31.2 % and CVD mortality was 14.3 %. The univariate associations of demographic and clinical factors with all-cause and CVD mortality in the full EA T2D-affected cohort are shown in Table 2 . Demographic and clinical factors were selected for model selection based on their associations with all-cause or CVD mortality (p < 0.25) ( Table 2 ). Based on these univariate associations, model selection for all-cause mortality included HbA 1c , CAC, pulse pressure, HDL, eGFR, UACR, diabetes duration, BMI, high blood pressure medication use, insulin use, current smoking, history of CVD, educational attainment (less than high school, high school, greater than high school), WHR, mean arterial pressure, and IMT. Model selection for CVD mortality included fasting glucose, HbA 1c , CAC, pulse pressure, HDL, triglycerides, eGFR, UACR, QT interval, diabetes duration, BMI, high blood pressure medication use, insulin use, history of CVD, educational attainment, WHR, and IMT.
The all-cause mortality model selected from the full sample included age, sex, CAC, UACR, insulin use, current smoking, and educational attainment ( Table 3) . Other than age, the most significant associations with all-cause mortality were for CAC (p = 2.03 × 10 −4 , hazard ratio (HR) = 1.48 for a standard deviation (SD) change) and UACR (p = 2.23 × 10 −8 , HR = 1.37 for a SD change). The CVD mortality model selected from the full sample included age, sex, CAC, UACR, triglycerides, and history of CVD (Table 3 ). Similar to the all-cause mortality analysis, other than age, the most significant associations with CVD mortality were for CAC (p = 0.001, HR = 1.71 for a SD change) and UACR (p = 1.99 × 10 −8 , HR = 1.51 for a SD change).
To confirm the validity of the most important predictors identified with model selection using the full DHS sample, a two-fold cross-validation approach was used, where the dataset was randomly split by family into roughly equal halves. The analysis for the full sample was repeated separately in each random dataset. In each random dataset, demographic and clinical factors were selected to include in model building based on their univariate associations with all-cause or CVD mortality (Additional file 1). Models were selected using forward, backward, and stepwise selections for all-cause and CVD mortality in random datasets 1 and 2 (Additional files 2 and 3). As the associated predictors selected from each dataset differed slightly, a combined model including factors selected in the final model for each dataset was created for both all-cause and CVD mortality. Therefore, from this two-fold cross-validation approach, the allcause mortality model included age, sex, CAC, UACR, diabetes duration, current smoking, educational attainment, insulin use, and WHR, while the CVD mortality model included age, sex, CAC, UACR, history of CVD events, and diabetes duration. The factors selected are similar to those observed using the full sample, which shows that the results are stable with no evidence of overfitting. This full model was fitted in both random datasets, with a basic model limited to age and sex also fitted as a comparison to the full model. Predicted values were then derived in each randomly selected dataset using regression coefficients derived from fitting the model in the opposite dataset, allowing calculation of average AUC for each dataset (Table 4) , both for the full model derived using the two-fold crossvalidation approach and a basic model including only age and sex. The full model significantly improved prediction of both all-cause and CVD mortality (p < 0.05) in both random datasets (Table 4 ). An estimate of AUC for the whole EA cohort was also derived by fitting the models derived using the two-fold cross-validation approach in the whole sample, with an AUC of 0.788 for the full allcause mortality model in the whole sample, compared to 0.699 for a basic model containing only age and sex (p = 6.50 × 10 −9 for improved prediction using the full model). Similarly, the full CVD mortality model had an AUC of 0.764, compared to 0.652 for a basic model containing only age and sex (p = 4.14 × 10 −7 for improved prediction using the full model) ( Table 4 ).
Factors which were predictors of mortality in the DHS in previous analyses, such as CRP [4] and biventricular volume [5] , were not included in the main model selection due to lower sample size (n = 848 for CRP, n = 771 for biventricular volume). When adding biventricular volume to the full all-cause and CVD mortality models selected using a two-fold cross-validation approach, biventricular volume was nominally associated with increased all-cause mortality risk (HR = 1.21 for a SD change, p = 0.053) ( Table 5 ) and more strongly associated with CVD mortality risk (HR = 1.52 for a SD change, p = 0.002) ( Table 6 ). In contrast, CRP was a significant predictor when added to the all-cause mortality model (HR = 1.30 for a SD change, p = 0.001) ( Table 5 ), but not the CVD mortality model (HR = 1.19 for a SD change, p = 0.167) ( Table 6 ). Models were selected using backward elimination, forward selection, and stepwise selection. Age and sex were forced into all models. Hazards ratios (HRs) are for a one standard deviation change in the predictor (continuous variables) or change in group assignment (dichotomous variables). For medication use HRs, the HRs are for risk of mortality among those individuals using the given medication class EAs with T2D. Most prior mortality model analyses in individuals with T2D have included a more limited set of clinical and demographic factors, for example BMI, lipids, medications, glycemic control, and eGFR, compared to those available in the DHS. As such, the literature does not fully address which factors may predict all-cause and CVD mortality by considering novel predictors, particularly CAC, in individuals with T2D. All the clinical and demographic factors included in model selection can be hypothesized to contribute to mortality. Our analysis shows, out of many mortality associated predictors, which ones are the most important to consider in T2D-affected individuals using a statistical model selection approach. While results from model selection for all-cause and CVD mortality differed slightly between model selection using the full cohort and model selection using a two-fold crossvalidation approach, the key factors selected, notably CAC and UACR, did not differ. This demonstrates the validity of model selection results. Other factors selected using the full sample, such as current smoking, insulin use, and educational attainment with all-cause mortality and history of cardiovascular disease with CVD mortality, were also included in the models selected using a two-fold crossvalidation approach. This indicates results from the model selection are stable and reveals important factors to consider in future analyses of mortality in community-based cohorts of T2D-affected individuals. The two factors most consistently associated with allcause and CVD mortality were CAC and albuminuria. Prior studies in T2D have demonstrated striking associations of UACR with renal end-points, CVD events, CVD mortality, and all-cause mortality [18] [19] [20] . Prior mortality analyses with shorter follow-up in the full DHS cohort with and without T2D (83.7 % T2D-affected) also found UACR to be associated with all-cause and CVD mortality, independent from CAC and other CVD risk factors such as age, sex, T2D affection status, BMI, current smoking, hypertension, dyslipidemia, renin-angiotensin system blocking medications, and prior CVD [7] . As in prior analyses of individuals with T2D [19] , UACR was a stronger predictor of CVD mortality than eGFR in our models. UACR is a marker of generalized endothelial dysfunction, more so than kidney disease specifically, which is better reflected by changes in eGFR. UACR was not assessed in some analyses building mortality prediction models in T2D [11, 12] , but it was selected as a significant predictor of elevated all-cause mortality in the Hong Kong Diabetes Registry cohort [13] and the Gargano Mortality Study [14] . The incorporation of CAC significantly improves mortality risk prediction, which is expected. CAC is a strong independent predictor of CVD events and mortality in the general population and in T2D [2, 3, [21] [22] [23] [24] [25] [26] [27] , with individuals affected by diabetes tending to have higher CAC [28] . Recent model building using participants with T2D from the Multi-Ethnic Study of Atherosclerosis (MESA) and the Heinz Nixdorf Recall Study found that using CAC improved risk prediction for incident CVD events, an important contributor to mortality risk in those with T2D, above the Framingham or United Kingdom Prospective Diabetes study risk models which include more conventional risk factors such as age, sex, systolic blood pressure, HbA 1c , and lipid levels [9] . Notably, carotid IMT, another novel predictor of CVD risk in T2D, was not selected for in these CVD event prediction models in T2D [9] , consistent with our finding that IMT was not an independent predictor of mortality in the DHS These models were derived using a two-fold cross-validation approach in each randomly selected dataset and in the full cohort. Basic models included age and sex only. Full models for all-cause mortality included age, sex, coronary artery calcified plaque, urine albumin:creatinine ratio, diabetes duration, current smoking, educational attainment, insulin use, and waist hip ratio. Full models for CVD mortality included age, sex, coronary artery calcified plaque, urine albumin:creatinine ratio, history of CVD events, and diabetes duration. P-values for comparing the predictive power of the basic model with the full model are listed The all-cause mortality model was selected using a two-fold cross-validation approach in European American participants with type 2 diabetes. Hazards ratios (HRs) are for a one standard deviation change in the predictor (continuous variables) or change in group assignment (dichotomous variables). For medication use HRs, the HRs are for risk of mortality among those individuals using the given medication class The cardiovascular disease mortality model was selected using a two-fold cross-validation approach in European Americans with type 2 diabetes. Hazards ratios (HRs) are for a one standard deviation change in the predictor (continuous variables) or change in group assignment (dichotomous variables). For medication use HRs, the HRs are for risk of mortality among those individuals using the given medication class and previous literature indicating that CAC provides superior risk prediction and reclassification compared to carotid IMT [29, 30] . Demographic factors including current smoking, insulin use, and educational attainment were also associated with all-cause mortality in the DHS. Current smoking [11, 12] and use of insulin [11] [12] [13] [14] have been previously included in prediction models as associated with elevated mortality risk in analyses of individuals with T2D. Lower educational attainment has also been associated with elevated mortality risk in prior assessments of T2D, although this was not always included in final selected models, potentially due to the inclusion of correlated variables such as income that were not used in our analysis [12] . History of CVD events being associated with CVD mortality is not surprising, given the elevated risk of secondary CVD events in those with established CVD. History of CVD is strongly associated with CAC burden (p < 1 × 10 −16 ) but is still an independent predictor of CVD, but not all-cause, mortality.
Discussion
This set of DHS analyses highlights demographic and clinical factors independently predictive of mortality in
Additional factors not included in the primary model building analysis due to reduced sample size may also be important to mortality risk prediction in T2D. Previous analysis in the DHS with shorter mortality follow-up time suggested that biventricular volume significantly increased AUC for prediction of all-cause and CVD mortality versus a model including age, sex, and CAC alone [5] . This is substantiated by data from this analysis, with biventricular volume improving prediction of CVD mortality (Table 6 ). Biventricular volume can be derived from the same CT scans used to evaluate CAC, but it appears to be predictive of CVD mortality independent of CAC burden, so this may be an important factor to include in future analyses of mortality in T2D. CRP may also need to be considered in future analyses. In a previously published analysis from the DHS, each one unit increase in log transformed CRP was associated with a 1.5-fold increase in risk for all-cause mortality (HR 1.54; 95 % CI 1.33-1.77) [4] . Similar results were observed, though with a slightly attenuated HR, when CRP was added to our full all-cause mortality model from this analysis ( Table 5 ). The lack of association with CVD mortality for CRP may not be surprising, as some studies have cast doubt on the causal role of CRP in CVD events [31] .
Recent work in the DHS highlighted demographic and clinical factors associated with mortality in individuals with T2D at very high CVD risk based on a CAC score >1000, with, for example, higher HbA 1c , longer diabetes duration, reduced kidney function, reduced use of statins, and higher CRP associated with higher mortality [32] . We attempted to perform model selection in only T2D affected individuals with CAC >1000 using similar methods to the analysis in the full T2D-affected DHS sample (data not shown). Models were not perfectly concordant between forward, backward, and stepwise selection, not surprisingly given the reduced sample size (n = 371), but selected models all included CAC, UACR, and HbA 1c as contributors to elevated risk of all-cause and CVD mortality in this very high risk sample, similar to the results in the full T2D-affected cohort with the exception of HbA 1c , which was not selected in the full T2D-affected cohort but appears to be a more important predictor in the CAC > 1000 subgroup.
Limitations of the current analysis include the lack of a replication cohort with similar mortality data and demographic and clinical factors assessed, necessitating use of a two-fold cross-validation approach. There are, however, few studies with the same breadth of data in a population-based sample of individuals with T2D. The latter, we believe, is an important feature of the DHS since it likely reflects what actually influences mortality in the community, as opposed to in a clinical trial. Previous analyses have been performed in cohorts with different recruitment strategies than the DHS, for example population-based cohorts in Hong Kong [13] and Italy [14] , or cohorts extracted from electronic medical record data whose diabetes was not as well characterized as the DHS and with exclusions based on medication use [11] . None of these cohorts had data on all the novel measures of CVD risk available in the DHS. Length of follow-up, over 9 years on average, was also greater than in previous analyses [11] [12] [13] [14] , as was duration of T2D in study participants [13, 14] . This long follow-up does mean that some clinical guidelines and practices, for example recommendations for statin use in all individuals age 40-75 affected by diabetes [33] , have changed since the DHS was initiated and may influence future mortality risk. Data for some demographic and clinical factors which predicted all-cause mortality in prior analyses in T2D, such as cancer [13] or Charlson index, a measure of comorbidity burden [12] , were not available in the DHS, while some factors available in the DHS, notably CAC, were not used in prior model selection, making direct comparisons of mortality models derived in T2Daffected individuals difficult.
Additional analytic limitations include the relatively small number of events, in particular for CVD mortality (14.3 % of the cohort), which necessitated use of only two-fold cross validation, as opposed to an analysis strategy splitting the cohort by family into a greater number of small random samples. Further validation of our risk prediction models in additional cohorts of T2D-affected patients would be necessary prior to clinical applications. While these results highlight factors that may be important for mortality risk assessment in the T2D-affected population, causal relationships are uncertain. The current analyses were limited to individuals of EA descent, since levels of CAC differ from those in African Americans; different factors may impact mortality risk in other ethnic groups.
